Abstract Salt decay is a very destructive mechanism that affects frequently the porous building materials of our architectural heritage. Sodium sulfate is one of the salts found in this context. It usually demonstrates high destructive power in salt crystallization tests because it can crystallize not only during evaporative processes but also when the temperature drops or when the salt solution comes into contact with pre-existing crystals. However, the use of extreme temperatures or successive wet/dry cycles also makes these tests unrepresentative of reality. To verify whether sodium sulfate can also be so destructive in field conditions, we have performed crystallization tests consisting of a single isothermal drying event. Three natural stones, relevant for the architectural heritage, were used for the purpose: Bentheimer sandstone, Ançã limestone, and a current Portuguese limestone of low porosity. The stones gave rise to distinct salt decay patterns: efflorescence, multilayer delamination and unilayer delamination, respectively. These morphological alterations were characterized at the micrometer scale by a new method based on what we have called the alteration kinetics curve. Such curve is calculated from topographic profiles obtained by a non-contact optical technique. The multilayer and unilayer delamination decay were also monitored by time-lapse photography. The work led us to conclude that sodium sulfate can indeed be also very destructive in field-representative conditions. Moreover, it showed that the optical method can be a valuable aid in the development of more realistic salt crystallization tests.
Introduction
Salt decay is one of the major decay mechanisms affecting the porous building materials of our architectural heritage, such as natural stone, mortars and ceramics. It manifests through efflorescence, when the salt crystallizes on the surface of the materials, or subflorescence, when it crystallizes in the pores. Efflorescence does not harm the material, although it has an aesthetic impact and can degrade the indoor environmental conditions, either by itself or by increasing dampness. On the contrary, subflorescence introduces internal stresses and may, therefore, disrupt the material. Crystallization occurs generally as a result of evaporative drying processes, hence the importance of understanding the mechanisms of drying and the ways the presence of salts may influence them.
Among the salts commonly involved in salt decay processes, sodium sulfate is one of the most frequent (Arnold and Zehnder 1989; Price and Brimblecombe 1994) . It may have origin, for example, in Portland cement materials, inadequately fired bricks, or the soil (Schaffer 1932) .
Sodium sulfate has always attracted much attention and, together with sodium chloride, has had a prevailing importance in salt decay research and literature. This interest goes, in fact, far beyond its true relevance on the architectural heritage where a variety of salts and salt mixtures can normally be found (Schaffer 1932; Arnold and Zehnder 1989; Goudie and Viles 1997; Diaz Gonçalves et al. 2006; Zehnder 2007) .
One of the reasons for the interest in sodium sulfate is its complexity. Indeed, in the temperature range normally expected in monuments, it has three distinct crystalline phases, in which solubility is highly temperature dependent: mirabilite (Na 2 SO 4 .10H 2 O), thenardite (Na 2 SO 4 ) and metastable heptahydrate (Na 2 SO 4 .7H 2 O), as depicted in phase diagrams such as those of Rodriguez-Navarro et al. (2000) or Linnow et al. (2006) . Sodium sulfate shows, therefore, a huge contrast with simpler salts, such as sodium chloride which above 0°C has constant solubility and just one crystalline form. Sodium sulfate may thus help us to understand the mechanisms underlying the degradation caused by more complex salts which cannot be represented by sodium chloride.
The high destructiveness that sodium sulfate usually shows in accelerated aging tests is another reason for the interest it attracts. Though there is no unequivocal evidence indicating that it also has a higher potential for on-site destruction (Diaz Gonçalves 2007) , sodium sulfate has hence become the leading choice for salt crystallization tests (RILEM 1980; Alonso et al. 1987; CEN 1999) . In fact, the first of these tests, carried out by civil engineers to simulate the disruptive action of icing long before salt crystallization itself was recognized as a deterioration mechanism, were performed with sodium sulfate (Thury 1828 ).
The two above mentioned reasons, i.e., the high destructive power of sodium sulfate in crystallization tests and its complexity, are interrelated. The reason is that salt crystallization tests usually include temperature or wet/dry cycles, which can trigger two powerful crystallization processes of sodium sulfate.
Temperature cycles can give rise to temperature-induced crystallization which is one of the most destructive features of sodium sulfate, as discussed for example by Doehne et al. (2002) . In general, solutions with a concentration equal or below the solubility of the less soluble phase are used. At the current temperature of 20°C, this phase is the decahydrate, mirabilite. When the temperature drops, solubility decreases, which can thus lead to crystallization of the salt in excess of that contained by a saturated solution. This effect was noticed early by Brard who reported that ''rocks which resist (…) the action of [sodium sulfate] solution saturated when cold, fall apart completely when exposed to the action of solution saturated when hot'' (Thury 1828) .
Wet/dry cycles, on the other hand, may give rise to contact-induced crystallization of sodium sulfate. This happens in tests with cycles of impregnation with the salt solution (at ambient temperature) and drying (at high temperature or low RH), such as the RILEM or CEN tests for natural stone (RILEM 1980; CEN 1999) . In these tests, at the end of drying the porous material contains the anhydrous phase, thenardite, because this is the equilibrium phase in the air at high temperature (above 32.4°C) or low RH. However, below 32.4°C, the equilibrium phase in contact with a saturated sodium sulfate solution is the decahydrate phase, mirabilite, which has lower solubility than thenardite. Hence, when the solution introduced at a new impregnation comes into contact with the pre-existing thenardite crystals, a solution highly supersaturated with respect to mirabilite results and crystallization may readily occur (Chatterji and Jensen 1989) .
A main implication of the two mechanisms described above is that salt crystallization tests can be quite unrealistic, which compromises their value as a means to evaluate materials, treatments and decay processes. The key-point is that the two main purposes of these tests, simulating reality and speeding up damage, are contradictory.
Therefore, a question arises: can sodium sulfate be so destructive in field conditions, where wet/dry cycles are slower and temperature variations smaller and less abrupt? Or are we exaggerating its relevancy due to the way it behaves in our not-totally realistic lab tests?
To answer such question we performed sodium sulfate crystallization tests consisting of a single isothermal drying event, i.e., without any wet/dry or temperature cycling. The work was carried out on three natural stones relevant for the architectural heritage. We used a new method for characterizing the morphological alterations due to salt crystallization, which is based on an optical profiling technique and consists in calculating what we have called the ''alteration kinetics curve''. This type of curve expresses the average lifting of the surface during the alteration process, and is presented here for the first time. Time-lapse photography recording was also carried out in selected cases, to enable a clear understanding of the alteration processes.
The article is organized as follows. In ''The two-stage model of drying of porous materials'' we introduce, as background information, the two-stage model generally used to describe drying of porous building materials. In ''Materials and methods'', we characterize the materials and describe the methods used in the experiments. In ''Results and discussion'', we present and discuss the results of these experiments: first, in ''Decay patterns'', we address the decay patterns obtained for each stone; then, in ''Alteration kinetics versus drying kinetics'', we present an overall analysis, based on the alteration kinetics curves. Finally, in ''Conclusions'', we summarize the main conclusions of the work.
The two-stage model of drying of porous materials
It is normally assumed that a porous material drying from saturation with pure water undergoes two main drying stages (Fig. 1) . In Stage I, the moisture content is high, hence, there is liquid continuity across the material and the evaporation front is located at the outer surface. Therefore, the material dries out at a constant rate. But the moisture content in the material decreases progressively during drying and, thus, it eventually becomes too low to produce a liquid flow able to compensate for the evaporative demand. As a result, the evaporation front recedes into the material and we enter Stage II. In this second stage the drying rate decreases progressively as the evaporation front recedes further into the material to maintain flow equilibrium. These two main stages are captured in the so-called ''drying (or evaporation) kinetics curve'' or simply ''drying (or evaporation) curve'' which is obtained by gravimetrically monitoring the loss of water during drying (RILEM 1980) . The typical shape of a drying curve is shown in Fig. 1b : Stage I corresponds to the initial straight line segment and Stage II to the subsequent concave branch.
The two-stage model implies, therefore, that the transition between Stages I and II happens abruptly (at a point which corresponds to the so-called critical moisture content), which corresponds to the assumption that we have a sharp drying front. But this is an abstraction, as a sharp drying front would only be possible for materials with a single pore size. Since in reality porous building materials have pores of different sizes (Fig. 2) , the drying front is typically diffuse and not sharp. This can be observed for example on NMR profiles obtained during drying of porous building materials ). Therefore, the transition between Stages I and II is not abrupt. There is a transitional drying stage, which is not captured by the simplified two-stage model. In this transitional stage, the evaporation front is still present at the surface in the smaller pores, where liquid continuity persists, but has already started receding in the larger ones.
When besides pure water we also have salts, efflorescence arises during Stage I and subflorescence in Stage II. But things are still more complex than that. Indeed, drying is slower with salts than with pure water only, and Stage I is not necessarily characterized by a constant drying rate. These differences derive from the influence of soluble salts on drying. One reason is that we have a lower evaporation rate because the vapor pressure of salt solutions is lower than that of pure water, which gives rise to a smaller vapor pressure gradient between the material and the environment ). Another reason is that liquid capillary transport becomes slower due to the higher (r/g) ratio of salt solutions, where r is the surface tension and g the viscosity (Brito and Diaz Gonçalves 2013) . Finally, efflorescence may further reduce the drying rate when it blocks the pores, as observed for different types of salt crusts (Brito and Diaz Gonçalves 2013) . Drying curves can, for these reasons, show irregularities and variations in slope when salts are present, which are not necessarily correlated with the two drying stages represented in Fig. 1 .
Materials and methods

Natural stones
Three natural stones relevant for the cultural heritage were used in this work: the well-known Bentheimer sandstone (B) and Ançã limestone (CA), and another Portuguese limestone with low porosity, which we have called Gray limestone (CC) because of its light grayish hue.
The physical characteristics of the three stones are given in Fig. 2 and in Table 1 and include capillary porosity, pore size, and sorptivity. Sorptivity (S) expresses the capability of a material to absorb and transmit liquids by capillarity (Hall and Hoff 2012) . It is calculated from the absorption curve obtained when the cumulative volume of (2014) 
As seen in Table 1 , the Bentheimer sandstone has very large pores and high sorptivity, the Gray limestone small pores and low sorptivity, and the Ançã limestone is an intermediate situation.
Evaporation test
The present tests with sodium sulfate were performed in parallel with the tests described in Brito and Diaz Gonçalves (2013) , in which sodium chloride and sodium nitrate were used. RILEM procedure Test No. II.5 ''Evaporation curve'' (RILEM 1980) was followed. The test specimens consisted of small stone cubes, with 24 mm edge, laterally sealed with epoxy. The cubes were put in partial immersion in a saturated sodium sulfate solution for three days, which was enough to achieve capillary saturation. No efflorescence was observed during this period. Afterwards, the specimens were removed from immersion and their bottom surface was immediately sealed with plastic film. Then, they were left to dry in a conditioned room at 208C, 50 % RH and low air velocity. The mass variation was monitored by periodical weighing.
The results are given by the drying kinetics curve which expresses the variation in the moisture content of the material over time. The drying rate corresponds, at any instant, to the slope of this curve.
A main test was carried out to measure the drying kinetics curve. It used four specimens of the Bentheimer sandstone, four of the Ançã limestone, and three of the Gray limestone. Subsequently, several replications were performed with just one specimen of each type for timelapse image recording (''Time-lapse image recording of the alteration patterns'') and the optical profilometry measurements (''Alteration kinetics'').
Time-lapse image recording of the alteration patterns Time-lapse photography was used to record the alteration processes of the Ançã and Gray limestones. A digital camera Canon (PowerShot SX230 HS) with time-lapse software was used for this purpose. The Ançã specimens were photographed laterally, while for the Gray limestone the decay was characterized by photographing the top surface of the specimens. The results are presented as sequences of images. Animations are also presented to allow an easy understanding of the two degradation processes.
Alteration kinetics
The morphological alterations of the surface were quantified by optical profilometry using a Talysurf CLI 1000 instrument, by Taylor Hobson. This measuring instrument is equipped with a non-contact CLA gage. CLA stands for chromatic length aberration. It is a distortion effect of some lenses in which the different colors that compose a white light beam passing through the lens are not focused on a single convergence point. The focus point is therefore at different Z-positions for different wavelengths, which makes it possible to measure the height of a feature. A spectrometer provides an intensity curve of the reflected light in which the maximum intensity corresponds to the focused wavelength (Taylor Hobson 2009). The CLA gage used in this study has a vertical range of 3 mm, a vertical resolution of 100 nm, a lateral resolution of 5 lm, and a measuring slope of 138.
With this equipment, we measured 2D topographic profiles at a central section of the top surface of the specimens. Profiles were obtained every 3 h during drying. From these profiles, the ''alteration kinetics curve'' or simply ''alteration curve'' was afterwards calculated as represented in Fig. 3 . This curve expresses the average lifting of the surface as a function of time. As far as we know, this method had never been used to quantify salt decay features. Figure 3 is also illustrative of the fact that the term ''surface'' is used in this article with two slightly different meanings which, however, are usually intuitive. We have the ''alteration surface'', i.e., the one we measure with the non-contact profilometer. It is the outermost boundary of the solid object, which includes any efflorescence or detached stone layers that may be present. And we have the ''drying surface'', i.e., the one relevant for solution transport. It corresponds to the boundary of the sound material (within which continuity of the pore network was not disrupted). In this article, the general term ''surface'' will be used interchangeably when the context is clear enough or the difference irrelevant.
Results and discussion
Decay patterns
Bentheimer sandstone
For the Bentheimer sandstone, powdery efflorescence occurred during drying, as seen in Fig. 4a , which shows the image of a test specimen at the end of the experiment. A selection of the topographic profiles obtained during drying is presented in Fig. 4b (the first measured profile is marked as 1). As shown by these profiles, the efflorescence first grows rapidly and then progressively more slowly until it stops growing completely (the uppermost profile is marked as 2).Then, after some time, the surface collapses (the last measured profile is marked as 3). This collapse reveals that the efflorescence has dehydrated. Dehydration happens because at 208C a hydrated form of sodium sulfate, the decahydrate mirabilite or the metastable heptahydrate, will crystallize from solution (Hamilton and Menzies 2010; Pel and Saidov 2013; Saidov et al. 2013 ). However, in the air at 50 % RH and 208C, the equilibrium crystal phase is the anhydrous form, thenardite. Since these are the conditions in the lab room where the drying experiments were carried out, dehydration can occur at any time after the efflorescence is no longer in contact with the solution that migrates from inside the specimen.
An animation of the whole alteration process can be seen in online resource 1, in which the surface is represented by the red profile. This profile will move as the solid surface lifts due to the growth of the efflorescence.
Ançã limestone
The Ançã limestone gave rise to a very interesting multilayer delamination pattern, a type of decay that is often Fig. 5 that presents a sequence of images of the alteration process, obtained by time-lapse photography. As seen, there is a progressive detachment of very thin stone layers, intercalated with subflorescence. Online resource 2 shows an animation of the whole process. A more precise notion of this process is given by Fig. 6 . It shows, on the left (Fig. 6a) , one test specimen at the end of drying and, on the right (Fig. 6b) , a selection of the topographic profiles obtained during the experiment (the first measured profile is marked as 1). As seen, the surface initially lifts at a fast rate due to subflorescence growth and the consequent detachment of stone layers, but then the lifting rate slows down until it stops at the maximum height (the uppermost profile is marked as 2). Then nothing happens during a long period, and close to the end of the experiment there is a small collapse of the surface (the last measured profile is marked as 3). The collapse is very small, but it can be noticed due to the fact that the last profile is slightly below the uppermost one. An animation of this process can be seen in online resource 3.
Gray limestone
A unilayer delamination pattern was obtained for the Gray limestone. Figure 7 presents two sequences of the alteration process, as recorded by time-lapse photography of the top surface of a test specimen during the drying experiment. Figure 7a concerns the first instants of the experiment and shows that there is preliminary occurrence of efflorescence on the surface (an animation of these first instants can be seen in online resource 4). Figure 7b shows the overall alteration process where, after some moments, the surface starts cracking and a stone layer eventually detaches (an animation can be seen in online resource 5).
The condition of one of the test specimens at the end of drying can be seen in Fig. 8a. Figure 8b , presents the topographic profiles obtained during the drying experiment (the first measured profile is marked as 1). These profiles show that the surface first lifts slowly and uniformly, which corresponds to the first period of efflorescence deposition (shown in Fig. 7a) . Then, the surface starts bending and the lifting rate accelerates. The bending corresponds to the detachment of the stone layer, which starts on the left side; the lifting is due to the growth of subflorescence beneath the detached stone layer, which happens initially at a faster rate. The lifting rate decreases progressively, until it stops at the maximum height (the uppermost profile is marked as 2). Then nothing happens for a while and, finally, the surface collapses, as in the previous cases, due to dehydration of the salt (the last measured profile is marked as 3). An animation of this alteration process can be seen in online resource 6.
Note that Fig. 7 and 8 correspond to different specimens in which the delamination process was not exactly identical. In one case (Fig. 7) , the upper stone layer develops cracks during its detachment, while in the other case (Fig. 8) it detaches uniformly and remains intact.
Decay causes
These results, specifically those of the Ançã and Gray limestones, show that sodium sulfate crystallization can in fact lead to severe degradation patterns, even in the absence of temperature or wet/dry cycles. The present tests were identical and performed in parallel with those reported in Brito and Diaz Gonçalves (2013) which used sodium chloride and sodium nitrate solutions. It is revealing that, contrary to what happened here with sodium sulfate, no degradation of the two limestones was observed with sodium chloride or sodium nitrate in those previous tests, only efflorescence. This means that sodium sulfate crystallized deeper in these materials than the chloride or the nitrate, which is explained by the faster drying process the sulfate gave rise to (the drying kinetics curves obtained for sodium sulfate can be seen, in gray, in Fig. 9a, b and c) . As discussed in ''The two-stage model of drying of porous materials'', the influence of soluble salts on drying can be due to three main factors (Brito and Diaz Gonçalves 2013) : (1) the lower vapor pressure of salt solutions in relation to pure water; (2) the slower liquid capillary transport of salt solutions; (3) the possible blocking of the pores by the crystals. However, only the first of these factors seems relevant here to explain the higher tendency of sodium sulfate to form harmful subflorescence. Indeed, blocking of the pores was only detected, in the previous study of Brito and Diaz Gonçalves (2013) , for the Ançã with sodium chloride (it was neither detected for any of the other two stones with sodium chloride, nor for any of the three with sodium nitrate). So, this cannot be the reason for (a) Fig. 8 Unilayer delamination of the Gray limestone: a image of a test specimen at the end of drying, b topographic profiles, every 6 h: (1) first profile, (2) uppermost profile, 550 h of drying, (3) last profile, 610 h of drying; an animation of this alteration process, as measured by optical profilometry, is presented as online resource 6 the slower drying of both the Ançã and Gray limestones and consequent higher tendency for efflorescence formation in the previous tests with sodium chloride and sodium nitrate than here with sodium sulfate. As to the influence of the salt on liquid transport, it does not seem to be an explanation either, because saturated solutions of sodium chloride and sodium sulfate have similar r/g ratio, where r is the surface tension and g the viscosity: 41.5 and 42.1 mN m -1 cP -1 , respectively (CRC 1985) . Therefore, the main reason for the higher destructive power of sodium sulfate here is most likely its high relative equilibrium humidity: 95.6 % at 208C (Linnow et al. 2006) , while for sodium chloride and sodium nitrate it is of just 75.5 and 75.4 %, respectively (Greenspan 1977) . This higher relative equilibrium humidity gives rise to fast drying processes and, therefore, to higher tendency to form harmful subflorescence.
Alteration kinetics versus drying kinetics
The alteration kinetics curves obtained for the three stones are presented (in black) in Fig. 9 together with the drying kinetics curves (in gray). The alteration kinetics curves are obtained from the topographic profiles, as explained in ''Alteration kinetics'', and express the average lifting of the surface during the drying experiments.
The first aspect that stands out from Fig. 9 is that, despite the differences in decay patterns, the three alteration curves are qualitatively similar. The second aspect is that these alteration curves have always five well-defined stages, which we will call ''alteration periods''. Let us analyze first what these alteration periods mean for the Bentheimer sandstone (Fig. 9a) , pointing out, when appropriate, their relationship with the two drying stages depicted in Fig. 1: (i) In the first alteration period, the surface lifts at a constant rate because the efflorescence is growing at a constant rate, which means that we are in drying stage I where the surface is saturated. Indeed, despite the moisture content of the material is decreasing, constant conditions occur at the surface during this stage. (ii) In the second alteration period, the efflorescence grows at a decreasing rate, which means that we are in the transitional drying phase where liquid continuity to the surface is being progressively reduced for the different pore size families. (iii) The efflorescence eventually stops growing completely, which means that the liquid continuity to the surface was finally broken. In this third period, nothing happens at the surface because the efflorescence is no more in contact with the liquid solution that was feeding it. Notwithstanding, the material continues to dry under Stage II conditions. (iv) In the fourth alteration period, the efflorescence dehydrates, as explained in ''Decay patterns''. Dehydration begins only when the moisture content of the material is already very low: 0.3-0.6 % for the Bentheimer; 0.1-0.4 % for the Ançã; 0.3-0.8 % for the Gray limestone. (v) In this last period nothing more happens at the surface of the material.
For the Ançã (Fig. 9b, d ), we have a process similar to that described in items (i) to (v), which is interesting because the decay patterns are quite different from those of the Bentheimer. Indeed, for the Bentheimer, the salt crystallizes as efflorescence, while for the Ançã it crystallizes beneath the stone and pushes upwards successive stone layers. However, as these layers are very thin, the process can, in practice, be seen as an unconfined growth process, identically to the efflorescence on the Bentheimer, which explains the similarity of the two alteration processes. We think the collapse is smaller for the Ançã (Table 2) because this stone develops intercalated layers of material and salt, in which the material forms a kind of supporting structure. The fact that we have a unique collapse suggests that there is liquid continuity between salt layers, despite of the thin stone layers between them.
For the Gray limestone (Fig. 9c) , there is not total similarity with the five alteration periods of the Bentheimer. The reason is that for the Gray limestone unconfined growth happens only during the preliminary phase of efflorescence deposition (Fig. 7a) . In this initial alteration period (i) the surface lifts at a constant rate. But then, when we enter the second alteration period (ii), and this is the difference, the lifting rate accelerates instead of starting to decrease. This acceleration corresponds to the detachment of the surface layer (Fig. 7b) . From this point on, the surface keeps lifting because subflorescence is growing beneath this layer, which happens at a decreasing rate until liquid continuity is broken. Because the surface layer is much thicker than those of the Ançã, the delamination of the Gray limestone cannot be considered an unconfined alteration process.
The meaning of the different alteration phases, and particularly the transition between period (i) and (ii), can be better understood in Fig. 10 , which shows the alteration rate as a function of time. As seen, the alteration rate is constant during the first period (i) for the Bentheimer and Gray limestone, and may also be regarded as roughly constant, overall, for the Ançã. However, the subsequent alteration period (ii), where the surface lifting rate decreases progressively, only has a clear correspondence with the transitional drying stage for the Bentheimer and the Ançã in which unconfined growth processes exist. For the Gray limestone it is even arguable whether periods (i) and (ii), as defined, exist.
The length of the transitional drying stage is very relevant for both the Bentheimer and the Ançã, as seen in Fig. 10 . The corresponding decrease in moisture content in the course of this transitional stage is also very significant, as seen in Fig. 9 : approximately 35 and 40 %, respectively (in relation to the initial moisture content).
These results show, therefore, that the optical technique may help to distinguish the transition between drying stages I and II, and to evaluate the importance of the transitional drying stage, which is not possible from current gravimetric drying curves. However, alteration periods (i) and (ii) can be more or less distinct, depending on the alteration kinetics. Further, they only have clear correlation with, respectively, drying stage I and the transitional drying stage if the lifting of the surface is an unconfined process.
Conclusions
The work presented here indicates that sodium sulfate can be very destructive in field-representative conditions. It shows also that optical techniques can be appropriate to monitor salt decay, and that alteration curves are useful to complement the information provided by ordinary gravimetric drying curves. The proposed method opens, therefore, new perspectives for the development of salt crystallization tests, more appropriate than those currently available, to study decay processes and to evaluate materials and treatments for the architectural heritage. By permitting the detection and characterization of alterations at the micrometer scale, this method makes it possible to use, in crystallization tests, conditions more representative of those that generally occur on site. Therefore, it is unnecessary to subject the materials to extreme but unrealistic conditions, such as high temperatures or successive wet/dry cycles, which are currently the only way to obtain measurable changes within a reasonable time. This is very important for salts such as sodium sulfate, which may give rise to massive contact-or temperatureinduced crystallization processes that hardly occur in the architectural heritage. 
